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ABSTRACT

The saccadic control system represents a good model system to study the selection of simulus events
according to their spatial location. The present work focuses on two factors known to influence
saccade latency: the presence of a fixaton stimulus and the nature of the saccade target. We report
evidence which suggests that fixation point offsets facilitate pre-motor stages of saccade generation
(Reuter-Lorenz et al., in press; Appendix I). This idea, in conjunction with electrophvsiological
data, suggested that fixadon offset might also facilitate saccades to acoustic targets. Experiment 1
confirmed this suggeston (Fendrich, et al. [in preparatdon]). The facilitatory effects of redundant
stimulaton via the visual and auditory modalites is examined in Experiment 2 (Nozawa et al.,
1990).The darta suggest significant neural summaton, which we atribute to bimodal convergence
onto individual cells thought to mediate saccadic command functions. Finally, analvtc me:hods for
establishing these conclusions (Nozawa, Appendix III) and progress on computer-aided
reconstructon of lesion sites in humans (Tramo et al., Appendix II) are described. The de:ailed
analysis of lesion site represents a prerequisite to future efforts to identify the neural sauctures which

mediate these influences over oculomotor efficiency.
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Introduction

In natural situations, organisms must be able to process sensory information
originatng from many different spatial locations. Since any information processing system
has capacity limitadons, there is a need for a "selection schedule” whereby different spanal
locadons are sampled serially. While there may be instances in which spanally dismbuted
sensory information can be processed in parallel, there are a great many sitcadons in which
sericl processing is required. One clear example of serial processing in vision is the
seguence of fixations observers make when inspecting a complex scene. Since the greatest
dezres of spatial resolution is confined to the area centralis or fovea, which represents cnly
0.01¢% of the visual field (Carpenter, 1977), there is the need for an elaborzie motor system
cacable of quickly moving the eves from one area of interest to another (1.2.. the saccadic
conmol system) and a system for foveadng objects in moton (i.e., the slow pursuit
svsiem). It is hardly coincidental that the development of the oculomotor svstem attains its
greatest elaboradon in those mammalian species who also have well-develeped foveas.
Thus. eye positon indicates the portion of the visual field currently being processed with
the greatest precision, and the fixation point is often taken to indicate the curent locus of
visual attention.

It would appear almost axiomatic that overt shifts of eye position should be under
muitimodal control, since objects located in the visual periphery are likely to produce
stimulus energy in more than one modality. Thus, a visually camouflaged object mught be
detected first in the auditory modality. This auditory input could elicit a shift in eve/head
positon which brings the image of the object into central vision, where the camouflage is
more likely to be broken. However, very little information concerning the role of auditory
inputs in controlling eye position is available (see however, Grusser, 1983: Mather and
Lackner, 1980).

The discovery that the superior colliculus of the midbrain (SC) receires auditory
inputs (Meredith & Stein, 1983; Peck, 1987; Wise & Irvine, 1983) suggests one possible
mechanism whereby acoustic stimuli might generate saccades. There is strong evidence
that the superior colliculus plays an important role in the generatio". of saccades: it receives
visual input from both the retina and cortex, has efferent projeciions to pre-oculomotor
brainstemn structures, and can trigger saccades when focall, stimulated (e.g., Sparks, 1986;
Sprague & Meikle, 1965; Wurtz & Albano, 1980). Thus, the auditory input to the
colliculus represents a subcortical link between the auditory and oculomotor systems.

\




The speed with which a stimulus can elicit a saccade is also an important parameter
of oculomotor control: it is obviously desirable that the oculomotor system generate
saccades as quickly as possible. In general, the latency to initate a saccadic eye movement
to a peripheral target is very similar to the Jatency to initiate a simple manual response to the
same target (e.g.., Carpenter, 1977; Hughes and Kelsey, 1985). Under certain
circumstances however, saccades can be generated with extremely short latencies (100-120
ms as compared with 200-250 ms for ordinary saccades or simple manual reaction times
[RTs]). These short-latency saccades (referred to as express saccades ) are enabled when
the fixaton point is extinguished 200 to 400 ms prior to the onset of the saccade target
(e.g.., Fischer, 1987). While the mechanisms underlying the production of express
saccades are not well understood (see discussion by Reuter-Lorenz, Hughes & Fendrich,
1990; included as Appendix I}, it appears that the superior colliculus plays an essential role.
Thus, ablaton of the SC in monkeys permanently eliminates express saccades (Sandell,
Schiller & Maunsell, 1984; Rohrer & Sparks, 1986). These same lesions serve only to
increase the latency of normal saccades (Wurtz & Albano, 1980).

Since the SC is a structure that appears to be importantly involved in converting
sensory signals to oculomotor commands, it functions as both a sensory and motor center.
The results from an initial series of experiments supported by AFOSR Project # 89-0437
(Reuter-Lorenz, Hughes & Fendrich, Appendix I, in press) are interpreted in terms of a
model of express saccades which emphasizes the pre-motor processes known to occur in
the SC. In contrast to earlier views which attribute express saccades to enhanced
processing of the visual target (Reulen, 1984a, 1984b) or the early disengagement of visual
attention (e.g.., Fischer, 1987), Reuter-Lorenz et al. attribute the facilitatory effects of
fixaton point offsets to enhanced pre-saccadic motor activity in the deeper layers of the
superior colliculus. This interpretation is based on the two principle findings reported in
Reuter-Lorenz et.al.: 1). that the facilitatory effects of prior fixation point offsets (hereafter
referred to as the "gap effect”) on saccadic latency are additive with the effects of the
luminance of the saccadic target and 2). the facilitatory effects of fixation point offsets is
specific for saccades directed towards the target ("pro-saccades”). Tasks in which
saccades are to be directed away from the target ("anti-saccades": See Hallett & Adams,
1980) and choice manual RTs are unaffected by extinguishing the fixation point prior to
the delivery of the imperative stimulus. Thus, Reuter-Lorenz et.al. (in press) suggest that
the response specificity is consistent with the view that the SC is essendal for the
occurrence of express saccades, since the SC contains circuits important for the production
of pro-saccades but not ant-saccades or speeded manual responses. The addidvity
between the gap effect and the effect of target luminance supports the suggestion that the




gap effect operates at a "post-sensory” stage in the neural processes that translate sensory
input into saccadic eyve movements.

Thus, the mechanisms by which fixadon point offsets facilitate saccadic latency and
the funcdonal character of mulimodal convergence within oculomotor centers are clearly
important issues in our continuing attempt to characterize the efficiency of oculomotor
control. Here we report the results of addidonal work that derives directly from the
consideradons of oculomotor control outlined above. We first demonstrate that
exunguishing the fixation point reduces the latency to initate saccades for acoustc as well
as visual :argets. Thus, we establish that "express saccades” occur in the auditory as well
as the visual modality. In a second series of experiments, we report on the facilitatory
effects of multimodal targets on the latency to inidate saccades. As was indicated in our
original proposal, mue multimodal integration must be distinguished from latency
facilitadon produced by the simple summaton of stochastically independent response tmes
associated with each modality. We have mace a great deal of progress in developing
analvtic methods to distinguish this probability summation from neural summation, and we

outine the mathematcal reatment of the data in Appendix IIL

General Methods

Apparamus
The basic apparatus consists of an array of 5 stimulus panels aligned on an arc with

a radius of 114 cm. Each stimulus pane! contains a red light-emitting diode (LED), a green
LED, and a small (4 cm) speaker. The position of each stimulus panel is adjustable. In the
current series of experiments, the panels are posidoned at eccentricites of 100 and 20°
along the horizontal meridian of the left and right visual fields. The green LED of the
middle panel serves as a fixation point and the red LEDs of the eccentric panels serve as the
visual targets. Acoustic signals consist of brief (100 ms) bursts of white noise delivered
through the speakers on the eccentric panels. Both the amplitude of the acoustic targets and
the luminance of the visual targets are controlled by 12 bit D/A converters. In order to
mainain equivalent degrees of observer readiness across conditions, acoustic warning
signals (1000 Hz, 300 ms) presented through the center speaker precede the delivery of
imperadve targets. In order to prevent echoes which might impair sound localization
performance, the entire apparatus is enclosed in a large (1.54 m. by 1.54 m. by .9 m.)
enclosure which is lined with a sound-absorbing foam material (Sonex™). A photograph

of the apparatus is shown in Fig. 1.




Interior view of sound-insulated experimental chamber.

Eye position is monitored using a scleral infra-red reflection device (Narco
Biosystems™ Model 200 eye tracker). The output of the eye tracker is sampled via a 12 bit
A/D converter at 250 Hz, and the digitized records are stored for subsequent off-line data
analysis. In some experiments, saccade performance is compared to either directed manual
responses or to simple manual reacton times (RTs). Directed manual responses are
recorded using a inductdve coil joystick, which is also sampled at 250 Hz. For this
condition, subjects are simply instructed to move the joystick in the direction of the target's
location as quickly as possible. Simple manual reaction times are recorded by depressing a
microswitch, which is also sampled at 250 Hz. In this conditon, subjects are instructed to
depress the microswitch in response to any target as quickly as possible. Thus, all
responses are timed with equivalent temporal resolution. The presentation of stimuli,
timing of events and data collection are all computer-controlled.

The apparatus is located in an isolated, darkened room. Data collection is always
preceded by 5 min of dark adapration, during which time the eye tracker is adjusted and eye
positon is calibrated. Subjects view the display at a distance of 114 cm. Head movements




are minimized using a bite-plate. All subjects are emmetropic (or are appropriately

corrected) and have normal hearing.

Response Detection. Both saccades and directed manual responses (joystick movements)
are detected using a velocity criterion. While the detection of both saccades and joystick
responses is automatic, an experimenter always monitors the records in order to insure that
misses or false positives are not included within the data set. In general, the velocity
criterion for saccades is set to ~ 50 deg. sec!, however, the criterion is sometimes adjusted
in order to maximize the performance of velocity-based algorithm. This is especially true in
the case of joystick responses, which tend to show greater variability than saccades.

Preliminary Testing. As might be expected, neurophysiological (Stein et al., 1989) and
behavioral data (Miller, 1986) indicate that the magnitude of summation effects between
wwo different modalities depend upon central simultaneity of the arrival times for the two
inputs. Therefore we obtain extensive preliminary daia comparing average response times
to both visual and auditory targets in order identify stimulus energies that produce
equivalent latencies in each subject. This is important because a large mismatch in the
response tmes for each modality would minimize our ability to detect intersensory
facilitadon (the presumption is that the central arrival times from each modality should be
nearly simultaneous since a large asynchrony between modalities will not produce the
enhanced neural activity that underlies the effect).

The analytical methods described in Appendix III utilized the entire distribution of
response latencies rather than simple comparisons of summary statistics, and therefore
permit us to relax the requirement of central simultaneity. This not only maximizes the
sensitivity of our measures of summation between modalities, but has the additional
advantage of providing our observers with extensive practice on the various tasks prior to

the formal collection of data.

EXPERIMENT 1 EFFECTS OF PRIOR OFFSET OF FIXATION POINT
ON THE LATENCY OF SACCADIC EYE MOVEMENTS: A COMPARISON
BETWEEN VISUAL AND ACOUSTIC TARGETS

Introduction
Extinguishing the fixadon stimulus 200-300 ms prior to the onset of an eccentric

visual target (the "gap paradigm") reduces the latency of a saccade directed towards that
target (e.g., Saslow, 1967; Fischer & Breitmeyer, 1987). Fischer (1987) referred to these




short latency saccades as express saccades. The factors responsible for the production of
express saccades are not yet understood. The latency reduction observed in the gap
paradigm has been variously attributed to 1) enhanced processing of the visual target (e.g..,
Reulen, 1984a, 1984b), or 2) several possible efferent factors which ordinarily serve 0
delay the programming of saccades (Kalesnykas & Hallett, 1987; Saslow, 1967). A third
possibility, that fixadon point offsets facilitate the disengagement of attention and thus
permit more rapid execudon of the motor program has also been suggested (Fischer &
Breitmeyer, 1987).

The findings of Reuter-Lorenz et al.(in press) were interpreted as arguing agains:
sensory facilitation models. Rather, Reuter-Lorenz et al. suggest that fixation point offsets
facilitate pre-motor processes. It is known that neurons in the deeper layers of the superior
colliculus increase their rates of discharge 20-30 ms prior to the occurrence of saccadic ev
movements. The actvity of these "pre-saccadic burst” neurons is dependent on the
partcular vector of the ensuing saccade: each cell's burst is specific for a particular saccade
vector. In addidon, these cells increase their activity prior to "spontaneous” saccades made
in darkness. These response characteristics suggests that the cells in the deeper layers or
the SC are part of a motor command system for the initiation of saccades, an interpretacon
consistent with the fact that many of these cells project to an area of the pons known w0
conuol motoneurons of the extraocular muscles. Thus, Reuter-Lorenz et al. suggest that
the occurrence of express saccades may rely to a large extent on the activity of the pre-
saccade burst neurons in the deeper layers of the SC, a suggestion consistent with findings
that lesions of the SC abolishes the occurrence of express saccades but not regular saccades
(e.g., Sandell et. al., 1984).

Recently is has become clear the many of these cells receive convergent visual and
auditory inputs (e.g. Jay & Sparks, 1990; Stein et al., 1989), suggesting a possible circuit
whereby acoustic inputs can achieve control over the oculomotor system. Interestingly,
there is good correspondence between the visual and auditory receptive fields of these czlls,
an obvious requireme:it of a system designed to direct the eyes to the source of either visual
or auditory events. The interpretation of express saccades suggested by Reuter-Lorenz et
al., in conjunction with the convergence of multimodal inputs on pre-saccadic burst
neurons, naturally leads to the suggestion that fixation point offsets might facilitate
saccadic latencies to auditory as well as visual targets. The present experiment is designed

to evaluate this possibility.




Methods and Procedures
The design of the apparatus and the method of recording eve movements are

described in the General Methods section of this report. The saccade target was 300 ms in
duration and consisted of a white noise burst { 90 dB) or the illumination of a red LED
(0.7 cd/m?). Pilot data indicated that these stimulus intensities produced approximately
equivalent response times. The visual and acoustic targets were positioned at 109 to the left
or right of the fixation LED. Each block consisted of 72 trials. On half of the trials the
fixation light (a cenmally placed green LED) was extinguished 200 ms prior to the onset of
the saccade target (gap mials) and on the other half, the fixation light remained on
throughout the trial (overlap trials). To discourage anticipatory responding, 11% of the
rials were catch trials in which no target event occurred. The remaining trials consisted of
an equal number of acoustc and visual targets. Fixation condidon and target modality
varied randomly within each block. Six observers served as subjects. Each was an
experienced subject in occulomotor experiments. Data were collected over the course of 7
experimental blocks. Each block consisted of 72 wials. Thus, each subject generated 112
observations for each of the four conditions (gap-visual target: overiap-visual target; gap-

acoustc target; overlap-acoustic target).

Results
As previously reported by Jay and Sparks (1990), saccades :0 acoustic targets

tended to occur in pairs in which the first and second saccade were of similar magnitude.
Similar "double step” saccades are generated in the and-saccade task (cf., Hallett & Adams,
1980; Reuter-Lorenz et al,, in press), suggesting that double saccades might be
characteristic of saccadic motor programs generated without visual guidance. The
determination of saccade latency is of course based on the timing of the first saccade in
such cases.

The average latency of the saccades obtained in each wial conditon are illustrated in
Fig. 2. Itis evident that the latencies of both visual and auditory saccades was reduced by
prior fixation point offsets. This effect was confirmed by an analysis of variance (ANOVA)
on the individual subject means which indicated that only the main effect for fixation
condition was significant, F(1,5)= 12.98; p<.02. The average magnitude of this "gap
effect” was 42.5 ms for visually guided saccades and 31.5 ms for acoustically guided
saccades. Although the magnitude of the effect appears slightly larger for the visual
targets, the interaction term in the ANOVA is not significant, F(1,5)= 4.49; p<.09.




Figure 2 3209

—a— VISUAL
300

—{3— ACOLUSTIC

280 -
260 -
240 1

220

SACCADE LATENCY IN MS

200 T L}
GAP OVERLAP

Discussion
The results provide a clear indication that fixation point offsets can facilitate the

latency of saccadic eve movements triggered by auditory targets. The data therefore are
commensurate with a model of express saccades which emphasizes premotor factors rather
than sensory accounts »f the gap effect. In particular, Reulen proposed that fixation point
offsets exert their effects specifically within the early stages of the visual system, by
facilitating the processing of visual events (Reulen, 1984a; 1984b). Together with the
results of Reuter-Lorenz et al.(in press), the present finding of a gap effect for auditory
targets is inconsistent with Reulen's account.

The attention based account of express saccades proposed by Fischer and
Breitmeyer is also incompatible with the present observations. A number of studies have
demonstrated that responses to auditory targets are unaffected by spatial precues,
suggesting that prior attentional orienting is not necessary for detecting auditory signals
(Buchtel & Butter, 1989; Posner, 1978). Thus, in the very least, the attentional
disengagement hypothesized by Fischer and Breimmeyer (1987) appears to differ in
important ways from that hypothesized on the basis of precuing experiments (see Appendix
I for a discussion of this point).

The finding that fixation point offsets facilitate saccades to both auditory and visual
targets is however consistent with the view that fixation release operates at a stage of
oculomotor processing that is later than the stage which is common to both auditory and
visual inputs. The functional nature of this convergence of audi*~ry and visual information

is addressed in Experiment 2.




EXPERIMENT 2. THE EFFECTS OF BIMODAL STIMULATION ON
SACCADE LATENCY

Introduction
Even causal experience indicates that either visual or auditory events can elicit

saccadic eye movements which serve to align the fovea with the source of the simulus.
Recent elecrophysiological work has revealed a neural mechanism that appears designed to
allow this muldmodal control of saccades: individual neurons within the deeper layers of
the superior colliculus receive convergent visual and auditory inputs (e.g.. Jay &
Sparks,1987; Peck, 1987; Meredith & Stein, 1987). The coordinates of the visual and
auditory receptive fields are usually in spatiotopic register, and spatially aligned bimodal
inputs often elicit unit discharges that are substantally more robust than the responses
evoked using either modality alone (Meredith & Stein, 1987). Jay and Sparks (1987)
report that many pre-saccadic burst (PSB) neurons receive convergent visual and auditory
inputs, suggesting that the two modalities might show particular types of facilitatory
interactions in controlling oculomotor responses. The present experiment represents an
inidal attempt to determine the degree to which spatially coincident auditory and visual
targets can facilitate the latency to initiate saccades relative to the latencies associated with
samuli of either modality presented alone. The experiment thus addresses the issue of
intersensory facilitation in the saccadic control system.

Central to a behavioral analysis of intersensory facilitation is the question of
whether the facilitatory effects of bimodal stimulation are sufficiently robust to rule out the
possibility that the bimodal responses times are simply determined by which ever modality
is detected first (equivalent to the operation of a logical OR gate). As the detection imes
associated with each modality are themselves random variables, some reducton in
responses times is expected in a system which applies such an OR operation to otherwise
independent sensory channels, an effect known as probability summation. It is therefore
essential to distinguish between true neural summation and the facilitatory effects that are
accountable on the basis of simple probability summation. Our approach to this issue is
being developed by Mr. G. Nozawa, a graduate student in Psychology at Dartmouth who
is supported by AFOSR grant # 89-0437. The details of the mathematical treatment are
presented in Appendix III of this report. In general, we compare the distributions of
response times to bimodal stimuli to the distributions associated with unimodal stmuli
using the laws of the joint probability of independent events. If the facilitatory effects of




bimodal stimulation exceed those predicted on the basis of the summadon of independent

events, simple probability summation can be rejected.
Methods and Procedures

Apparatus. The apparatus was the same as in the previous experiments. although the
eccentricity of the targers was increased to 20 deg. of arc. Eve movements were recorded
and analyzed as before. In addition to measuring saccade latencies to auditory, visual and
bimodal targets, we included sessions in which the observers were required to generate
manual responses under similar conditions. The purpose of these conditions was to
compare the degree of intersensory facilitation for different response systems.

Two kinds of manual responses were examined. Directed manual responses, like
saccades, required a response that was determined by the locarion of the target. Directed
manual responses were recorded using an inductve-coil joysack. The subjects were
simply required to push the joystick in the direction of the eccenmic target as quickly as
possible. Thus, these directed responses require location information :just as in saccades)
but utilize a different response system. The jovstick position was sampied using D/A
converiors just as in the saccades (250 Hz sampling rate} and the direczon and latency of
the movements were analyzed in a similar manner. The second type or manual response
was a simple reaction to the target onset. In this condition then, the locadon of the target is
irrelevant to the performance of the task. Subjects simply depressed a microswitch in

response to the target, and the latency of this response was the dependent measure.

Preliminary Procedures.
In order to identifv sumulus intensites that produce equivalent latencies, observers

were first run in a series of experimental sessions in which we measured their response
latency as a function of stimulus intensity for both auditory (100 ms white noise bursts) or
visual (red LEDs) targets. There were 64 trials in each session. Each mal began with a
warning tone, followed by either a visual or auditory target (there were no bimodal
stimulus trials in these preliminary sessions). Auditory and visual target trials were
randomly mixed throughout the session, but were presented with equal frequency. Four
different simulus intensities were used for each modality, and the sumulus intensity and
target locadon (left vs. right) also varied randomly across trials. Four of these preliminary
sessions were run for each response system (saccades, directed manual responses, simple
manual responses), so each data point of the obtained intensity-RT funcdon is based on
approximately 30 observadons. The intensity-RT curves were used to select visual and




auditory stimulus levels which produced comparable response times for use in the formai
portion of the experiment. This preliminary testing was done for each of the three
responses to insure that the intensity matches were appropriate for each response condicen.

Subjects.
To date three normal observers have participated in all phases of the experiment.

Two others have participated in a subset of the conditions, but we report here only the cz:a
of subjects who have completed the experiment. Each was emmewmopic or wore the

appropriate optical correction. Each had normal hearing. The subjects were paid for thes

pardcipation.

Formal Procedures.
When intensides which produced equivalent latencies for the visual and auditor

targets were idendfied, formal data collecdon began. Each«  rver paricipated in 15
experimental sessions of 60 wials sach. Tvpically, a subject was tested for 2-3 sessions t2r
day. Each session contained trials in which the imperative target was presented in either Ze
auditory modalirty, the visual modality or both. Each target tvpe occurred with equal

side of fixadon) was randomized. The data reported below are based on at east 100
observations for each simulus condition (auditory, visual or bimodal) in each of the thrz2

observers.

Results
The averaged RTs for auditory, visual and bimodal targets are illustrated in Fig. 2.

The left portion shows the saccade latencies, the middle shows the directed manual
responses, and the bright portion shows the simple manual response times. It can be seza
that for both types of directed response conditions, bimodal stimulation appreciably
reduced response times. As pointed out in the Introduction to Experiment II, this reduczon
in response time could be accounted for on the basis of simple probability summation
between independent visual and auditory signal processing. The important issue then, is o
establish whether the magnitude of bimodal facilitation exceeds the level predicted on the
basis of simple summation of independent sensory channels. If so, then the data cannot e
solely attributed to probability summation. In this case, we should like to interpret the
results as behavioral evidence of neural summation between the auditory and visual
modalities. In the case of the saccade task, this summation is likely the result of
convergence of visual and auditory information onto individual neurons importantly




involved in the generadon of saccades: i.e., the bimodal pre-saccade burst neurons known
to exist in the deeper layers of the superior colliculus. We now turn to an analysis that
allows us to evaluate whether the degree of bimodal facilitation is greater than that

auributable to probability summation alone.
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Evidence of Neural Summarion based on Analysis of Survivor Funcders (S measure)

As described in Appendix I, we have two alternative measures oI the expected
magnitude of bimodal facilitation assuming statistical independence of the auditory and
visual channels. First, we have the measure devised by G. Nozawa. termed the S
measure. This measure is based on comparisons between the survivor functions obtained
from the two unimodal conditons with that obtained in the birnodal concidon (Eq 3 of
Appendix III). If the bimodal survivor function is generated by a logical OR applied to the
near simultaneous arrival of visual and auditory afferent actvity (often cailed the "horse
race model"), then the expected value of the S measure is 0. If the degres of bimodal
facilitation is greater than that predicted by the horse race model, then the S measure
assumes negative values. Our analysis therefore computes the S measure along the entire
domain of the survivor functions (i.e., throughout the entire range of resgonse latencies).

Obrained S measures for 3 subjects are shown in Fig. 5a -c. The top panel in each
figure represents the data for saccades, directed manual responses are shown in the middle
panel, and simple manual responses appear in the lower panel. It can be see that there is a
clear ordering of the magnitude of the S measure between the three response conditions
(saccades>directed manual responses>simple manual responses). The data provide clear
indications that the magnitude of bimodal summation for saccades exceeds that predicted by
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probability summafion, and therefore strongly suggest the existence of neural summation of
the auditory and visual targets for this task. In contrast, directed manual and simple manual
RTs provide lintle evidence of facilitaton beyond that expected by probability summation
alone (the S measure values remain near 0). This analysis shows that auditory and visual
informaton probably do converge (in a facilitatory manner) onto neural mechanisms that
play an important role in the execution of saccades. The results also provide little reason to
invoke facilitatory neural convergence in order to account for the magnitude of summaton
particularly in the for simple-manual task. For two of the subjects (S2 and S3), however,
there is a suggestion of some degree of neural summation for directed manual responses. It
seems quite reasonable to suppose that the world of sensory interactions is not simply
limited to two states (either probability summation or neural summation); various degrees
of neural summadon clearlv seem possible. A method for disinguishing berween levels of
neural summadon is being developed by a member of our group (G. Nozawa) and is
outlined in Appendix III, so we should be able to apply tesis of statistical significance to
differences in the S measure in the near future.

An applicadon of Miller's inequality (Eq. 1 of Appendix III) is illustrated in Fig.
6a-c. In this case it is positve values provide the stronges: evidence for neural summation
between the auditory and visual inputs. It can be seen that the saccade data are consistently
greater than zero. Thus, both measures indicate the existence of neural summation between

visual and auditory channels in the generation of saccadic eye movements.

Discussion
These performance data support the following conclusions: 1) the human

oculomotor system combines localized auditory and visual information to a degree that is
substantially greater than that expected according to simple probability summation; 2) the
neural mechanisms that underlie directed manual responses and simple manual responses to
bimodal stimulation may simply be triggered by whichever modality is detected first
(logical OR applied to the inputs).

In the case of saccades, the most parsimonious interpretation is to suggest that the
observed degree of intersensory facilitation is supported by the convergence visual and
auditory afferents onto pre-saccadic burst neurons within the deeper layers of the supericr
colliculus (e.g. Peck, 1986; Jay & Sparks, 1987). 'this interpretation would receive
strong additdonal support if it could be shown that intersensory facilitation of saccades
depends on the spatial alignment of the visual and auditory inputs in a manner similar to
that already described for the pre-saccadic burst neurons by Meredith and Stein (1987).
Much of our future efforts supported by AFOSR grant # 89-0437 are designed to examine
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the role of spadal correspondence of the visual and auditory inputs and should therefere
substantially clarify this issue.

The evidence for neural summation in the directed manual response task is very
weak in comparison to that obtained for saccades, and provides only minimal suppor: <er
the importance of visual and auditory convergence onto neural elements involved in the
execution of this task. The functional organization of the colliculus makes it unlikely kar it
plays an important role in the initiaton of directed manual responses, although similar
kinds of mechanisms might exist to control manual responses that are guided by the
locaton of either visual or auditory targets (e.g., polymodal association cortex of the
parietal lobe: cf. Anderson, 1987). As in the case of saccades, a reasonable working
hypothesis is that bimodal convergence within pathways that are largely sensory in nanze
are likely to depend upon the spatial alignment of the inputs. Thus, the importance or
examining the effects of spatal alignment of the visual and auditory inputs is again
suggested, and we intend to investigate this issue concurrently using each of our thres
model response systems.

In summary, we present evidence that the degree of intersensory facilitation

produced by spatially coincident visual and auditory targets varies with the response
requirements of the task. In the case of saccades, the facilitatory effects are commenszie
with the notion of neural summation of the auditory and visual channels somewhere wiin
the oculomotor pathway. The superior colliculus appears to represent a good candida:z
structure in the case of intersensory facilitation of saccades. The issue with respect to
directed manual responses is less clear. It is noteworthy that an examination of the rmezns
displayed in Fig. 4 suggested a substantial degree of facilitation for both saccades and
directed-manual responses. However, the S-Measure (Nozawa, Appendix III; Fig 5a-c)
clearly indicates that a substantial amount of neural summation was only found for
saccades. The effects of presenting visual and auditory targets that are out of spanal
register should be quite informative and therefore are of high priority in our future work.
Finally, the neuroanatomical location of the site of this bimodal convergence is of
obvious importance. The later phases of this project are intended to examine the effects
described in this report in a set of carefully selected neurological patients (described in our
original proposal). Careful psychophysical studies of sensory-motor performance in such
patients, in conjunction with a detailed neuroanatomical analysis of lesion site (made
possible by the brain printing methodology described in Appendix II of this report;
Jouandet et al, 1990; Thomas et al., 1990; Tramo et al., 1990), has great potential for
providing important information concerning the brain regions that actually support these

forms of interactions between sensory modalities.
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Abstract

The latency to inigate a saccade (saccadic reaction ime) to an eccentric target is reduced
by extnguishing the fixation stimulus prior to the target onset. Various accounts have
auributed this latency reducton (referred to as the "gap effect”) to facilitated sensory
processing, oculemotor readiness or artentional processes. Two experiments explored the
relative contributons of these factors to the gap effect. Experiment 1 demonstrates that the
reduction in saccadic reacton time (RT) produced by fixatuon point offset is additive with the
effect of target luminance. Experiment 2 indicates that the gap effect is specific for saccades
directed towards a peripheral target and does not influence saccades directed away from the
target (i.e. anti-saccades) or choice manual RT. The results are consistent with an
interpretation of the gap effect in terms of facilitated premotor processing in the superior

colliculus.
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The Reducdon of Saccadic Latency by Fixation Point Offset:

An Analysis of the "Gap Effect”

The latency to iniddate a saccade in response to an eccentric arget is typically on the
order of 180-250 ms (Carpenter, 1977; Wheeless, Boynton & Cohen. 1966). Saccadic reaction
times (RT) can be substandally reduced, however, by simply extinguishing the fixation
stimulus 200-300 ms prior ‘o target onset (e.g. Fischer & Ramsperzzr. 1984; Saslow. 1967 ).
In addidon to reducing the average latency of saccades, a temporal 222 etween fixaton point
offset and targer onset (referred to as the "gap condition”) may producz a subpopulation of
saccades with a modal latency of 120 ms (Fischer & Ramsperger. 1534, 1986). These have
been called "express saccaces” (e.g.. Fischer & Boch, 1983; Fischer & Breitmeyer, 1987
Fischer, 1987). The latency reduction produced by fixation stimulus orfsets have been
variously attributed to facilitated sensory processing (e.g. Reulen, 198+a), oculomotor
readiness (Kalesnvkas & Hallett, 1987; Saslow, 1967) or to attentonal factors (e.g.,
Fischer,1987). The present experiments examined the effects of targe: luminance and response
requirements in an attempt to clarify the basis of latency facilitation in the gap condition.

Fixation point offsets could conceivably exert their effect by altering visual sensitivity.
It might be easier, for instance, to detect eccentric flashes in a blank field than in the presence
of a fixation stimulus. This possibility is considered in Reulen’s moce! (1984a; 1984b) which
attributes latency reduction in the gap condition to enhanced processing of the visual target.
This model assumes that saccadic RT represents the linear sum of several serially organized
processing stages. Following Grice's random threshold theory of response latency (Grice
1968), the model assumes a "sensory stage” in which neural responses to signal onset

accumulate until a threshold is reached. Subsequent events represent oculomotor programming
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and efferent processes. In this model the accumulation rate is a direct function of signal

intensity and is constant over ume.

Reulen’'s model! accounts for the reductdon in latency in the gap condinon by
hypothesizing that fixation point offsets increase the rate at which the sensory activity
accumulates. The main features ot Reulen's model are portraved in Figure 1 which depicts the
accumulation of sensory activity over ume for bnight and dim flashes. Given a constant
threshold. it is evident that bright targets will reach threshold faster than dim ones.  Tais

model also predicts that the latency difference between gap and overlap condinons should

increase with decreasing target luminance. We tested this possibility directdy in the first
experiment bv measuring saccadic RT to high and low-luminance targets presented with and

without a central fixation sumulus.

EXPERIMENT 1

Method

Subjects. The subjects were eight Dartmouth undergraduates and two of the authors
(PRL and HCH). All subjects had normal vision or were corrected by contact lenses.

Apparatus. Three computer-controlled red light emitting diodes (LED's) served as
the saccade targets and the fixation stimulus. At the viewing distance of 57 cm. each LED
subtended 0.5° visual angle. The target LED's were positioned 7.0° to the right or left of the
fixation light. The luminance of the fixation light was 0.8 cd/m2. Target luminance was either
40 cd/m? (bright targets) or 0.4 cd/m? (dim targets). Luminance was controlled by varying
the voltages applied to each lamp via digital to analog converters. The positon of the left eve

was monitored using the Eye-trac 200 infra-red scleral reflection device which has a resolution
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of .25° and a 0-250 Hz. bandwidth. The eye position signal was digitized at a sampling rate
of 250 Hz. Head movements were minimized by a chinrest/head restraining assembly.
Design and Procedure. This experiment compared the effects of two levels of
target luminance on saccadic RT under the gap and overlap conditions. In the overlap
condition the fixadon light was illuminated at the start and remained present throughout the
rial. In the gap condinon the fixatdon point was illuminated at the start of the trial but was

extinguished 200 ms prior to the onset of the eccentric saccade target. Previous work has

indicated that optimal gap effects can be obtained with a 200 ms gap interval (e.g. Fischer &
Breitmever. 1987: Saslow, 1967).

The procedure used in this and the following experiment included several features
designed to equate response readiness and minimize anticipatory responses. In previous
investgations. fixation point offsets may have alerted the observer to the imminent occurrence
of the visual wrget. perhaps resulting in faster responses than in the overlap condition in which
no warning event occurred. In an effort to equate wamning cues in the gap and overlap )
conditons, an auditory warning tone (1000 Hz.) preceded the target on all trials. The warning
tone was presented via a speaker positioned directly below the fixation LED. To minimize
anticipatory responses, the positions of the target were unpredictable, and both fixation

conditions included catch trials (20%) in which no target was presented. Gap and overlap trials

occurred randomly and with equal frequency within each block of 76 trials.

A schematic illustration of the events in each trial is presented in Figure 2. Each trial
began with the illumination of the fixation light. After 900 ms, the 100 ms warning tone was
presented. In the gap condition, the fixation light was extinguished simultaneously with the

offset of the wamning tone, and following a 200 ms dark interval either the right or left LED

was illuminated for 300 ms. In the overlap condition, the target was presented 200 ms after the
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offset of the warning tone, but the fixation light remained on untl 500 ms after target offset.
Bright and dim targets were presented randomly within a trial block and occurred equally often
in gap and overlap trials. The subjects were instructed to maintain central fixation undl the
onset of the eccentric target, at which point they were to look at the target as rapidly as
possible.

Each subject partcipated in at least two practice blocks of 76 mals each, followed by
six experimental blocks run over a five day period. A maximum of two trial blocks were run
in each experimental session.

Data Analysis. Saccades were detected automaticallv using a velocity criterion (>80
deg secl), but were verified by the experimenters. The temporal interval between the onset of
the target and the beginning of the saccade was taken as the saccadic latency. Following
previous studies (e.g. Fischer & Rampsberger, 1984, 1986), latencies less than 80 ms were
counted as anticipations. Latencies longer than 700 ms were considered misses and excluded
from the analyses. Saccade magnitudes and peak velocities were computed using calibradon

data obtained immediately prior to each session.

Results

The latency data for bright and dim targets in the gap and overlap conditions are plotted
in Figure 3. A two-way analysis of variance (ANOVA) on these data indicated significant
main effects of fixation condition [F(1,9)=73.2; p<.0001] and intensity [F(1,9)=472.1;
p<.0001] , but no significant interaction [F(1,9)=0.72] . These results indicate a significant
reduction of saccade latencies in the gap condition, and demonstrate that this effect is additive
with the facilitatory effect of target luminance. Together, fixation condition and target intensity

accounted for 77% of the variance in the data set.
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Response Distributions. Since previous studies using the gap paradigm have
indicated that express saccades are often revealed as a prominent early mode in latency
histograms, we obtained latency histograms for each subject in all condinons. The latency
histograms for two representative subjects are shown in Figure 4. As is the case for all
subjects, little evidence of bimodality can be discerned by visual inspectdon of these
histograms. Given the differences in procedure used to collect the present data (i.e., the
presence of catch wials, inclusion of an auditory waming signal, position uncertainty), we
rentatively attribute the absence of a bimodal latency distributon to procedural ditferences

between this and previous work.

Anticipatory responses. While anticipatory responses (i.e. latencies less than 80
ms) were rare, the mean incidence of anticipations was virtually identical in the overlap and
gap conditions (1.8% and 1.2%, respectively). The similarity in these anticipation rates argues
against the possibility that facilitation in the gap condition is due to a greater tendency to initiate
responses prior to the target onset (Kalesnykas & Hallett, 1987).

Saccade Topology. Previous reports describing express saccades have provided
litle information concerning the topological aspects of saccades in the gap paradigm. We
observed some vanability in the amplitude (i.e. the size of the saccade expressed in degrees)
and velocity of saccades to the targets at 7.0° and therefore analyzed these characteristics. An
analysis of the amplitude data indicates only that saccades to the dim targets were slightly but
significantly smaller than those to bright targets in both the gap and overlap conditions
(F(1,9)=16.4; p=.003). The average size of the saccades to dim targets at 7.0° was 6.3°
versus 6.6° in response to bright targets at the same eccentricity. An analysis of the peak

velocities indicated no effect of luminance (F(1,9)=0.6) or fixation condition (F(1,9)=0.4) .
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Discussion

The bimodal latency distributions previously observed in the gap condition (e.g.
Fischer & Ramsperger. 1984; Reulen, 1984b) were not found in the present experiment.
These data suggest that bimodal distributions are not a necessary correlate of latency reducton
in the gap paradigm. In the bright target condition, we observed many saccades with latencies
within the range (100-120 ms) in which the subpopulation of "express saccades™ has been
previously observed. However, none of our subjects showed evidence ot a bimodal
distibution even though every one demonstrated a reduction in mean RT :n the gap condidon.
Furthermore, the present results suggest that the facilitatory effects of tixation point offset do
not depend on the absolute latency of the saccadic responses. since the magnitude of the gap
effect was identical for bright and dim targets even though responses to dim targets were
approximately 70 ms slower. In additdon, analyvses of the topology of saccades generated in
the gap conditon indicate that they do not differ from "regular” saccades with respect to their
accuracy or velocity characteristics.

The major finding of this experiment is that the reduction in saccadic RT produced by
extinguishing the fixation light is equivalent for bright and dim targets. This addivity between
the effects of luminance and fixation condition is incompatible with the mechanisms proposed
by Reulen to account for the gap effect. By the logic of additive factors this additivity raises
the possibility that target luminance and fixation offsets exert their effects on different
processing stages (Sternberg, 1969). Since the time course of neural acdvity is strongly
dependent on stimulus intensity from the level of the photoreceptors to the primary visual
cortex (e.g. Baylor & Hodgkin,1973; Lennie, 1983; Miller & Glickstein, 1967), the present
findings suggest that fixation point offsets might influence processes subsequent to the loci of
intensity dependent effects.

While additve factors logic has generated a coherent and internally consistent account

of simple sensorimotor tasks (e.g. Sanders, 1977), it assumes serial, independent processing
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stages. This assumption has been challenged in some contexts, however (e.g. Eriksen &
Schultz, 1979; McClelland, 1979; Taylor, 1977). Thus one goal of the second experiment

was to test further the role of enhanced early sensory processing in mediating the gap effect.
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EXPERIMENT 2

If fixation offsets produce enhanced sensory processing in the primary visual pathway.
then a variety of responses might show reduced latencies in the gap condinon. However, if
the effect is restricted to saccades, it would suggest that fixation offsets specifically relate to
processes within the oculomotor system. This possibility was tested in Experiment 2, which
compared the effects of rixadon point offsets on manual RTs and two different types of
oculomotor responses: 1) pro-saccades, in which the saccade is directed to the target and 2t
anti-saccades, in which the saccades are directed away from the target (Hallett, 1978). In
addition, by comparing pro- and anti-saccades, we can evaluate whether the gap effectis a
general characteristic of saccadic responses, a possibility suggested by several accounts of
latency reduction in the gap paradigm (Fischer & Breimmeyer, 1987; Kalesnykas & Halle:t.
1987; Saslow, 1967).

The account originally proposed by Saslow (1967) attributes the reduction of saccade
latencies in the gap condition to the saccadic refractory period. Normal saccades and
microsaccades are followed by a refractory period lasting approximately 150 ms, during which
time a second saccade cannot be initated (Nachmias, 1959; Carpenter, 1977). Saslow
reasoned that subjects are more likely to make micro-corrective saccades when a fixation point
is present versus when it is absent. Thus in the overlap condition there is a greater likelihood
that subjects are in the midst of the refractory period at the moment of target onset, which
delays the saccadic response. According to this view, we might expect both pro- and anti-
saccades to be influenced by fixation point offsets, since the saccadic refractory period should
affect both types of saccades equally. However, since this refractory period should not
influence manual RTs, no effect of fixation offset would be expected in this condition.

More recently, Kalesnykas and Hallett (1987) have proposed that in the gap condition

saccades may be programmed prior to the onset of the eccentric target.  This view assumes that
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saccades are programmed without information about target location, so the parameters of the
motor program are initially set in the absence of visual input. According to this hypothesis,
antcipatory saccades are initiated too far in advance of the target onset to be modified by its
visual coordinates and therefore may be incorrect in direction and/or amplitude. Express
saccades are thought to be preprogrammed in the appropriate direction by chance and are
initiated late enough to have their amplitude modified by the target coordinates. resulting in
short latencies and an accurate movement. Regular latency saccades are those which are 2ither
not preprogrammed or were reprogrammed in response to the target coordinates. Given that
manual movements could also be preprogrammed. this view does not exclude the possibility
that fixadon offset could reduce choice-manual RTs. It does, however, predict that and-
saccades should show a gap effect, since fixation offsets could trigger that proportion of
preprogrammed saccades which happened to be in the direction opposite to the targe:.

Finally. Experiment 2 has relevance to the proposal that attentional disengagement
mediates saccadic facilitation in the gap condidon (Fischer, 1987; Fischer & Breimmeyver.
1987). According to this view, extinguishing the fixation point disengages attention. Thus, at
the time of target onset, attention is in the disengaged state thereby reducing saccadic latencies
by the amount of time normally required to execute the disengage operation. If attention must
be disengaged prior to the occurrence of any saccade, as Fischer & Breitmeyer (1987) suggest

, the latency of anti-saccades might also be facilitated in the gap condition.

Method

Stimuli and Procedure. The stimulus display differed from Experiment 1 in that
only the bright target (40 cd/m?) was used. In addition, a 300 ms gap interval was included
and randomly intermixed with 200 ms gap and overlap trials. On both gap and overlap trials,
the 100 ms warning tone offset either 200 or 300 ms prior to target onset and coincided with
fixation point offset on gap trials. This means that, on overlap trials, there was either a 200 or

300 ms foreperiod between tone offset and target onset. On gap trials this foreperiod
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corresponded to the 200 or 300 ms gap duration. In all other respects the sumulus conditions

were identical to Experiment 1.

Each subject participated in six trials blocks for each of three response conditions: pro-
saccade, anti-saccade and choice-manual RT. Two blocks of 76 trials each were run in each of
9 experimental sessions carried out on separate days. A fixed order of response conditiens
was used with all subjects participating in the pro-saccade conditon first. followed by the anti-
saccade condition and finally by the choice-manual RT task. In the anu-saccade task subjects
were instructed to saccade the same distance but in the direction opposite the target light.  In
the choice-manual RT task the subject pressed one of two response kevs depending on the
location of the target. The stimulus-response mapping was always compatble (e.g.. lert light -
lett hand. right light - right hand). At least two blocks of practice trials preceded data collecton
for each response type. Manual RT's were accurate to the nearest millisecond.

Subjects. Three paid volunteers and two of the authors (PRL and HCH) participated

in this experiment.

Results

The latency data are displayed in Figure 5. It is apparent that a strong gap effect
emerged only for pro-saccades. This was confirmed statistically in a three-way ANOVA with
foreperiod (200 vs. 300 ms), fixation condition (gap vs. overlap), and response condition
(manual, pro-saccade, anti-saccade) as repeated factors. In addition to main effects of
response condition [F(2,8)=16.4; p<.002] and fixation condition [F(1,4)=23.4; p<.01], this
analysis revealed a significant interaction between these factors [F(2,8)=7.8; p<.02]. Post-hoc
comparisons using the Newman-Keuls procedure indicated that the interaction was due to a

significant latency reduction produced by fixation offset only for the pro-saccade condition

(p<.05).

Figure 5 about here
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The only other significant effect was an interaction of foreperiod and response type
[F(2.8)=9.5; p<.01]. The means indicate that, regardless of fixation condition, the 200 ms
toreperiod was associated with faster responses for both pro- and anti-saccades whereas the
300 ms foreperiod produced slightly faster manual responses. Post hoc analyses using the
Newman-Keuls procedure indicate that the difference between foreperiods was significant only
for anti-saccades (p<.05). The reasons for this foreperiod effect are not clear, but the pattern
suggests differences in the time course of alerting processes for different response svstems
‘Ross & Ross, 1980, 1981).  In the gap condition, the two levels of foreperiod correspond
zap durations of 200 and 300 ms. The absence of an interaction between foreperiod and
fixation condition indicates that gap duration had no reliable effect on RT.

Response Distributions. Latency histograms from two observers for the pro-
saccade condition are presented in Figure 6. As in the first experiment. the distributions
showed little evidence for bimodality, REP being the lone exception.

Direction Errors and Anticipations. Although generally rare (less than 3% of all
responses), direction errors were more common in the anti-saccade condition than in either the
pro-saccade or the choice-manual condition. Since only two errors occurred in the manual
condition, these data were not analyzed further. The proportion of direction errors occurring
in the gap and overlap conditions for pro- and anti-saccades were transformed (arc-sine) and
submitted to an ANOVA. This analysis indicated that direction errors were more frequent in
the anti-saccade task than in the pro-saccade task [F(1,4)=39.8; p=.004] and were also more
frequent in the gap than in the overlap condition [F(1,4)=14.5;p<.02]). There was no

interaction between these two variables.
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The higher frequency of direction errors in the gap condition, again, raises the
possibility that the shorter latency in this condition reflects a greater incidence of anticipatory
responses. However, the incidence of direction errors was greater for anti-saccades than for
pro-saccades and there was no gap effect for anti-saccades. Thus, the facilitatory effects of the
gap cannot be explained by a greater tendency to make anticipatory responses. In additon, the
frequency of anticipatory responses was found to be unaffected by fixation condition. In the
pro- and anti-saccade conditions, 1.7% of all responses had latencies less than 80 ms. whereas
nene of the manual responses were anticipatory. Proportions of anticipatory responses were
computed for each subject, arc-sine ransformed and analyzed using a threx . v ANOV A with
fixation condition. foreperiod and response type (pro- versus anti-saccade) as factors. No
main effects or interactions approached significance.

Multiple Saccades. A further analysis of the anti-saccade data revealed a strong
tendency Dor four of the subjects to generate "double saccades" . For these subjects 38¢¢ of
the responses in this condition were characterized by primary and secondary saccades. In
general the magnitude of the secondary saccade was larger (greater than 60% of the piimury)
than is typical of corrective saccades (Carpenter, 1977). In his investigations of the anti-
saccade paradigm, Hallett (1978; Hallett & Adams, 1980) also observed many multiple
saccades in this task. Interestingly, Jay and Sparks (1990) report many double saccades in
response to acoustic targets, suggesting that such saccadic responses may be a characteristc of
saccades executed without visual guidance. Finally, it should be noted that the presence or

absence of the fixation point had no effect on the frequency of double saccades.

General Discussion
Efferent Factors in the Gap Paradigm

The results from Experiment 2 indicate that the facilitatory effect of fixation stimulus
offset 1s limited to pro-saccades. This response-specificity, together with the finding that the

gap effect is additive with the effect of target luminance, appears inconsistent with views that
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attribute the facilitatory effects of fixation point offsets to enhanced early visual processing.
Both the addidvity with target luminance and the response specificity are, however, consistent
with the hypothesis that the gap effect may be related to pre-motor processes specifically within
the oculomotor system.

While the accounts of the gap effect offered by Saslow (1967) and Kalesnykas and
Halletr (1987) also emphasize efferent factors, aspects of the present results are not readiiv
explained by ecither view. If saccade direction and amplituce are preprogrammed in the gap
condition or if the saccadic refractory period contributes to the gap effect, we would expect
anti-saccade latencies to be facilitated by fixation point offset. The results from Experiment 2
provide no support tfor these expectations.

Other aspects of the data are inconsistent with the preprogramming hypothesis offered
by Kalesnykas and Hallett (1987). By their view, the tendency to initiate preprogrammed
saccades in the gap condition should produce more anticipatory saccades relative to tae overlap
condition. Using 80 ms as a criterion for anticipations, we did not find this to be the case.
Kalesnykas and Hallett (1987) propose that since anticipadons tend to be hypometric, saccade
amplitude should also be used to distinguish these responses from express saccades. We
found no differences in saccade amplitude in the gap and overlap conditions, indicating that our
data set does not include substantial numbers of hypometric anticipatory responses.

Anticipatory factors may have played a greater role in some earlier work on the gap
paradigm which did not use catch trials, unpredictable target locations or provide warning
signals in both the gap and overlap trials. In many previous studies (e.g. Fischer &
Rampsberger, 1986; Mayfrank et al., 1986; Reulen, 1984a,1984b), there is good reason to
suggest that, since the fixation point offset provided the only warning of the impending target
event subjects were more alert and prepared to respond in the gap condition than in the overlap
condition (c.f. Ross and Ross, 1980, 1981). The present data were obtained under conditons

specifically designed to minimize the contribution of anticipatory processes. These measures
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appear to have succeeded in minimizing anticipatory effects, as evidenced by the similarity in

anticipatory errors in the gap and overlap conditions.

Role of the Superior Colliculus in Saccadic Facilitation

Schiller, Sandell and Maunsell (1987) report that ablations of the superior colliculus
(SC) abolish express saccades, while producing only a modest slowing of regular saccades.
The close coupling of the sensory and motor fields in the SC and its direct output to brainstem
oculomotor cenaters, make it well-suited for controlling the rapid foveation of eccentric targets
(Sparks & Mays, 1980: Wurtz & Goldberg, 1972). Since observers are not normally
compelled to fixate every peripheral event, some form of inhibitory control must be exered on
collicular mechanisms. Hikosaka and Wurtz (1983) have recently established a neural basis
for such inhibition by demonstrating that actvity in substantia nigra tonically inhibits the SC.
Furthermore. electrophysiological observations indicate that the threshold current needed o
elicit a saccade from either the SC or the frontal eye field (FEF) incree. :s during active
foveation (Goldberg, Bushnell & Bruce, 1986). Thus it seems reasonable to suggest that the
reducton in latency observed in the gap condition may reflect the functioning of collicular
mechanisms in the absence of this fixation-related inhibition (i.e. fixation release). The
absence of a gap effect for either choice-manual responses or anti-saccades could be atributed
to a lack of collicular involvement in either of these responses.

The FEFs have been implicated in the control of anti-saccades since patients with focal
excisions involving this region are selectively impaired on this task (Guitton, Buchtel, &
Douglas, 1985). Signals originating in the FEF can control eye pesition independently of the
SC (Schiller True & Conway, 1980), perhaps via direct neuroanatomical connections to
brainstem oculomotor centers (e.g.Leichnetz, 1981; Leichnetz, Smith & Spencer, 1984). To
the extent that the FEF's can directly control saccades, responses requiring the FEF, such as
anti-saccades, may be independent of neural influences exerted on the colliculus. We suggest

that a possible reason that anti-saccades are not be influenced by the gap condidon is because
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their generation may be less dependent on the SC where fixation point offsets appear to exernt
their effects. Given the highly voluntary nature of anti-saccades, it is unlikely that special
mechanisms would have evolved to inhibit their occurrence, as is the case for pro-saccades.
The hypothesis that the gap effect reflects facilitated pre-motor processes that are
specific to pro-saccades suggests the possibility that the deeper layers of the SC might play an
important role in this phenomenon, since many cells in this region are not visually responsive
but show pre-saccadic activity (e.g. Jay & Sparks, 1987). It would therefore be interesting o

compare the activity of such pre-saccadic burst neurons in the gap and overlap conditions.

Attentional Mediation of Latency Facilitation?

While we take the view that the latency facilitaton in the gap condition reflects the

release of oculomotor mechanisms from the inhibitory influences engaged during active
fixadon, Fischer and his colleagues attribute these effects to atentional disengagement
(Fischer, 1987; Fischer & Breitmeyer, 1987; Mayfrank et al. 1986). Several features of our
data, caution us against invoking attentional mechanisms to explain the gap effect.
Considerable electrophysiological and behavioral evidence indicates that attention influences
early stages of sensory processing (e.g. Hawkins, Shafto & Richardson, 1988; Mangun,
Hillyard & Luck, in press). The work of Hawkins et al. (1988) is partcularly relevant to the
logic of the present investigation. They found that the magnitude of attentional effects
produced by spatial precues interacted with target luminance, leading them to conclude that
attention, like signal intensity, affected early visual processing (also see Backus & Sternberg,
1988). Furthermore, as Posner and his colleagues originally demonstrated (Posner, Nissen &
Ogden, 1978, Posner, 1980), the facilitatory effects of attentional precues are not restricted to
one response modality but can enhance manual as well as saccadic RT. In contrast, the present
results suggest that the gap effect operates quite differently from attendonal manipulations in

precuing paradigms, since it is additive with target luminance and is apparently restricted to

pro-saccades. Thus, if attentional mechanisms contribute to the gap effect, they differ from
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those mechanisms that mediate stimulus selection in spatial precuing paradigms and may be
related instead to the selection of the appropriate oculomotor program (cf. Goldberg &

Seagraves, 1987).
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Figure Capdons

Figure 1. Diagram of Reulen’s facilitation model. In this model a sensory integrator
accumulates activity following a peripheral afferent delay which is a function of signal
intensity. The rate of accumulation is jointly determined by signal intensity and a facilitadon
factor produced by fixation point offset. The facilitation factor, per se, is independent of target
intensity. In this diagram the parameters representng the facilitadon factor and target intensity
were multplicatively combined. following equadon 1 of Reulen (1984a). Note that the -ime
difference to reach threshold in the gap (G) versus the overlap (O) condition is larger for the
dim than for the bright target. This interaction between the effects of intensity and fixaton
condition 1s predicted by the model regardless of whether the facilitadon and intensity

parameters are additvely or multiplicatively combined.

Figure2. Schematic representation of tial events in Gap and Overlap conditons for

Experiments | and 2.

Figure 3. Mean saccade latencies to bright and dim targets in the gap and overlap conditions.

Figure 4. Frequency histograins represeniing tie succade latencies w prightand diffi trgets i

the gap and overlap conditions for two observers (bin width=S8 ).

Figure 5. Mean latencies for the three response modes (pro-saccades, anti-saccades and

choice-manual responses) in the gap and overlap conditions.

Figure 6. Frequency histograms representing the pro-saccade latencies for two observers in

the gap and overlap conditions with 200 and 300 ms foreperiods (bin width=8 ).
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FLothe erception ob tonal spectra swas severel impaieed. such
tal hurmionte stactures oot irnads s were admost ontory
poedued oo scmd dissonani vet the assocative priming of spe
vl mtonaton pdaments b Tarmenic context was presenved,
mede v that commve representaions ot tonal fnerarchies in
misr rentimed miet and accessihle Branpemes demon
strted corplete bilareral tesions of the transverse oy of

Hloese Bl and parinil bosivcane o i nighe and Lol superion tem

INTRODUCTION

Phe orderl arrancenmient o anatonncdl zones within the
anditory cartes bas mspired a0 numiber of aothors o
Assian hne stracire arole i tuncnonal specrahizanon
The beliet that stracrueal complesin and connectinn
paitcrns retlea tmctonal complesie and lieractneal
prowcessing s cypressed fong ago by Campbell c1oo3,
who designared the grannlo cortex ot the supratemporal
Cand the surroundimg bele “aadio

;‘!.H!(‘ tchiosensor

pevcbie However empirical dataabout the organization
of cogmitnve tuncoons medanmg auditon formaaon

processing ontside the verbal domarm remam scarce

poral aver mvolvng 98 and 2070 of therr surtace arcas, respec
tvely Inthe nighe henusphere, there was parnal sparing of the
pluum temporale. wemporoparictal anction. and mteror par
wrdl corten Inthe letchemisphere. all ot the supertor iemporal
region anterior o the ransverse gvrus and parts of the plinum
remporale. temporopancal unconon. mtenor parietal cortes,
and msula were spared

Fhese observations suggest that CLisensor pereeptual.and
cognitive tunctions medeiimg tonal intormanon processmg m
music dare neurologiedls dissocable. 2y complete iiaeral
lestons ot pricany auditon cortes combimed wth partal brlat
erdl destons of auditorny assoctaton cortex: chiromcally impaar
tonal consonance perceptton, (3 cognive tunctons that hi-
erarchicatlv stracture prch mtormation and generare harmonic
expectancies during muasie pereeption do nat relv on the in
tegrn of prnue anditons cores s md cormuosical priming ma
Be mediated by broadly taned sabcomponents of the thala
mocortel audirony sustemn W

Although the corneal representation ol sensory mtor
matton e g tregquenay receptne fieldsy has been esten
monkey
neurondal evoked potental techniques cfor reviews see
wthin et al 1984, Brugge and Reale 19853, we know Latle
About how phyvsical featares of acoustic signals are pro

sinely documented e the cat and using

cossed o torm psvchalogical representations of soundd.
Jod how knawledge about sound conribates 1o senson
integration and percept tormaton The effects of brlaeral
ablations in animals mdicate that these hagher Tevels o
processing rely on the mtegriy of auditorny cortes ttor
reviews see Nett et al 1973 Whattield 19839 the relanve
roles ot the prmury and secondiy arceas have not vet
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been distnzuisbiod T mans phvsioloacal stadies em
plovig depili electrodes veclesia 19700 magncioence
phalograpln vitare et al 1osos Roman et al 198200 and
Ca o sonope i thauter o b PN have primarly
foctsedd o thie problemis ot boundan detinton and
totatep oy dned hove theretore ased elementan acous
ne stanih suchas s and poare tones o evohke cortedl
responises Anatonical date dornved rom the study ol
penroloucal nopafanons are BResase wantng given the
rariy of anditory norverbal deticns gross enough o
catse overt sviptoms iolos mg tocal anilageral Tesions,
Devante o tocal Dadateral and seanmetrical lestons, and
the proamite and common vascular supphc o the pri
Ny e scecondiry aditory areas Fuethermaore, brain
~c.uts obtaned for Cloeal imdicanons provide ac limaed
view ab e sapratemporal plane because ot their on
critanion s horsons i and sboe thirchness o8 1o o and
thicrcetore trovuentv tal o caprare te tnsverae gorn o
Hoescbilowhnch vpacad e hovse the pramarey aaditory areas,
andd the tall exteni of the superior wemporal gvrus, tem
poropaneid juncton. pavetal opercalum. and wemporal
pode o which nprcallv Bionse the auditorny assocstion areas
cCabibird cand samdes TS

ohe present studh o we exammeed sl documented
case ob cortad hiearmg foss Aendes and Geehan TURS)
utder evpernnentdd condinons designed ot selec
tvel anto sensory perceptial, nd cognitive functions
micdutmg tonal itormaion processing The choree of i
mesicl pomg poracham ok ToBharachamd Stoeckig
Posec osTretlecred the desire toengage cognitne pro
cosses that Trerarchncatls soactare sensory ntormation
At thereby taahiare specteal patterns nerception The

cortical mapping procedure of Touandar eeal c1ose)

1

M oon

P N A A A R N L R I RN I FIW

pornntted e localizanon aned quanote ation ot daage
o the presunied gross anatonncal Lindnarks of the pr
ey auditon cortes and auditory assocnion dreas me
thim-sccuon coronadl

seanning MRy

dged Iy MAZGCTIC Fesondnee

RESULTS

Pure Tone Sensation Thresholds

Intensity thresholds tor detecung o 300 msee pure tone
AL 2300500, 10oo, 2000, 4,000, and 8000 Hy were witdin
nermal limies tor cach car tig 20

Spectral Intonation Judgments

Itomation judgments about harmonic spectra cmaor
widds )t and guastharmonic spectra omistuned . magor
rads were pertormed better than chance 307 1047
— 200 p
SD below the mean of normals pertormance on the
more dithicult priming sk (83 2 1 Bharecha and
Stocckig TOST)

03 . but overall accuracy was more than 2

Associative Priming of Spectral Intonation
Judgments

MS S performance on the musical prming task s aillus-
rated e Figure 3 alongside data previoush obtained
from 13 normal subjects using the same stimuale and
procedure

1 and
fell greater than three standard devauons below the

Overall accuracy was at chance TR, feus) =

mean of the normal populaion o7t percenaler There
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Brainprints and Quantitative Lesion
Localization

Seeoaey

aorne ces Geinenstonad surlace maps ot the an
folded mght and Tete cerebral henmspheres aee itlustrared
e brees b and S respecivels Caoronal MR sections
throngh the saperea remporal regron representatine of
those used o map the audinons cortex are shown
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cotnplete: bilateral fesions of the hontocorteal relds. o
the mighi hennsphiere, some of the temporoparietal iso
vortey dand perhuaps sl posternor pornon of the e
wernad paridhoniocartes tay have heens spared Muddy o
the remanung posterion assocation bele on the right.
e niostor the external aed alb ot hice mrernal and
candodorsal parakonocc ey appears o be undercat by
thie lestion Right permsvivian stroctures antenonr and me
Jdl o the ansverse sveas cluding the rosteadd
purabonioeortess prohomocortes rostral isocortes, pard
insubar sonesand emporopolar prosocortes s appear o
boe mtarared Tnthe et henuspheres smadt posterolateral
potticns of emporoparicetdd socortex and perhaps ex
rernal pardkomocoriex may have been spareds imach on
Al o e rostral parakomocortes, isocortex. and proso
cortex along the anteror superntor temporal gyvrus, em
poral poles and paramsulir zone appear o be spared
Mot the miternals external, and caudodorsal parakon
rcortes s well as the prokoniceortes anthe Tett may
Bove heen mtarcted

Mhe physiological properaes of neurons within the
perisy v areas thar are spared e MEScan only renta
avele he sarmused onthe basis of thaer response char
acterisiies i presuniabh homaologous regons ot the
monkev, which thenmselves have onlv partially been
[O770 Rasuki ¢t al T9o20 Mer
sonich and Brogge 1973 Phiagst et al 19770 Vaadia et dl

worhed cut clong er ad

T2y 1t all or part o the et rostral parakoniocostex
was spared e MS Cand b the onotopreally arganized
rostral hield cR ot T er al 1977 of the monkey s
tnctonal as well as anaomacallv cGalaburda and San
des Toson homologous 1o the rostral parakoniocortes
men sharphe twoed. ronotoprcady orcanized: brequenay
normaton may have been available tor processing: the
o b mtormation would be Tinred posteriorh by the
Fostont B could proceed rostralle o higher order nio
dabi speatic and heteromaodal association areas: How
ever s even b portions of shaeple taned. tonotapieadly
comnnzed regions of dssocrdtion cortes were spared
MES Cthe proncpal source o sach mtormatnon, the i
T are s destoned Talweralle The aiterent mpan to
e sponed aiditons assoceon areas might theretore be
Boned o proecnions trom the thalamus

the ditterentid chstnbuoon ot dhatamre adterene
oo andhirory hiehbs s nncertam i o The s

Dot patterns of presutablo Tromologois rean

P tonihey cBron andd Tomres 190 Jones e B
oo Mesaba e oo T TS oo siy
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Show mconsistent frequeney respotises i neegnla
tonctoprcny e both the monkey cGross eral 197 6 and
oot etk 1973 Caltord Tos3. Phillips and Ivine 19700,
no sharphe tuned, tonotopivadly orgamzed frequenay i
formation may hune been avaitable v the spared corteal
assoctation dreas. at the very least st was bikelv incony
pletes perhaps owimg o projections trom sharply taned
cells i some regrons ot magnoceltubar MGE cAnkm
PO and Lueral pulvinar CPhillips and fvine 197

[he corticocortical commectivine patterns of the aadi-
tory wreas that appedared o be spared e MS s hikewise
be constdered with regard o presanmably Tiomaologous
dreas in the monkey dor review see Pandvaand Yeternn
f9s3) i the right hemisphere, the intrimsic rosual con
nectons of the spared posterion dassoctation dareas with
the primany area and anterior superior wemporal region
Aappear o be completely interrupted: fong projections 1o
and tram pretrontal cortex may have Tikewise been de
stroned but reaiprocdl connections of the posterion s
socittion areds with the posterior cingulate gyvros dand
heteromodal temporoparetal regions may haive been
least partiadv sprved. [Inthe fett heomsphere. caudal con-
nections of e spared eerior association areas were
fikeh rerrupred. but the intrinsic connections of the
rostral - parakoniocortex, socortes. and - proisocortes
dong the anterior superior emporal region and the long
connections of these areas o prefi mtal cortex and me-
dial temporal structures may have been spared in their
entiretv. The island of preserved postertor association
cortex on the lett appears to be completely disconnected
from the rostral primary and assocation areas, but s
reciprocal connections withy posterior cingulate gyrus
andd heteromodal temporoparictal cortex may have been
at least partially spared

Structure=Function Considerations

Fherve bas been some contraverss iy the animal iteratare
A~ tonwhether or nor bilateral Tesions of auditory corex
PETILINCRUN TP Pure Tone sensdation Chor review see

Nt et al 19T bur recent psvchoacoustic medsare
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repserted persistent bar umprosg hearme loss e 3
mocmhs relos up e 2oovear ol man tollowana sue
cossive contnalperad naddle corebral arery strokes no
atoneal dan s ere wealable bevond angioeraphy and
rechmerninn b scans The present case was previonshy
reported ooshiow complete deatness 3 weeks tallowimg

s senonad ok b moderatcle mcreased cand vara

v e torne shnesbiolds I oomthis ont o endes and
Coochate Toss o Apparenihs recovery of sensory tunctions
cancontinue e arin nored devels more thane avear
e bl atter onser Inoview of the feston localizanon,
the ool serisor thresbiolds mas be atributed o spar
oz o the thalamus ehavond any possible retrograde
dezencoraton not mnazed by MR parnal spanng o as
sontton cortes or borh

Brlareral Tosions b auditony cortes meanals are
Koo o case penasent debeois attectmg the disarmn
pabon ob s compdes spoecirs mdduding mtermin
feni vs steadh white norse osvenmes 19oo human vowel
sottads thewson 19 Dewson el 19093 and species
speciiie vocdizanons chiettner and Hettner 1988y The
leacal Tneratre contams o number ob case reports in
W per cpton o complon o spediras mcluding
pustcal sounds s unpaired out of proportion o hearing
ot east onerthor tollowing Inlareral wemporal lobe
festons clor review s see Benton T Hecaen and Albert
P97 Nariy T9S20 Vignolo 19690 Werthemm 1969y Two
previots experiments are particalarh relesant o the
proesent observanons Whithiehd c1oso) demonstrated in
the cat that the capaan tosdernve the harmonic “hese it
ot Uschedoharmonie seres was pernuanentls abolished
fotlonv g Bifareral ablations af primary anditory cortes
and part of the surroundimg tields, while relanve pitch
discrmmnations based on diterences between individuad
spectral components could be releaned. Inman. Zatorre
Cross fs recenths reported that removal of all or puart
b the nght ransverse avruseny dong with dllb of the
acterior superion eimporal regron commonly inpairs the
priception of the nssing tindamental™ schouren
Pes=oawhinch B tonal consonanee perception rogiires
PR A i Bl acn cotstandies ameng the freqguenacy
rebmonships o simulaneous spedtral components
Phesc it contea regions were mitarared i MS

Sescral anthiors Tune commented on the possible cor
robancn hetween the severnm of anditorny denants caused
Foocormeal Tesions and Tesions size wathim specidized
ot b comes A en Toas s Dewson ot al 1on
Sornrie s e Cologabes cral cionn hove recenth

cac e poe bl o thie sizes ot Tesions hnted 1o

e h e DL onte s ks etlence the reconeny
Pt e st b I o thiere s ovidenee
T R S PN FRTH FIR | FURU P O TN F1 PRSI R T
' : TR et sl wond comprehienaon
C cion e b cnien ccomprehicnson e et

o e e cerebeal ey srroke I
T e e e gy s svere complete

R U N U RN I A TR N I A

cosstig s essentid o onal consonanee percepton Fhe
tunctonad signibicance of the ditterenr amouts of spae
e within the nghe and el associon areas e the
proseit case cannot be ascertamed bevond the assertion
that they were suthcient o sustane mustead prinnmnge

A number of contounding variables preclude broad
ranging structaee functon correlations oy the present
s Because AN suttered as second stroke 9 vears
Ao sone reoradniZzation ol .Ill\[llH[‘} tunctions swithim
the spared anatonical zones man have tahen place Far
thermore, the uncertamues surroundimg hemispher
spocithizanon m auditory nonverbal funcions make o
ditheult o ascertain whether the spared posterionr dasso
cidtion arcas my the right o left hemispheres. spared
Antertor assocntion aredas inthe lett hemispheres or all
the spared arcas combmed subserved residual tunctions
Our recent observation of musical priming by the right
henuspheres of two splhit bran paticonts Ciramo and Bhar
ucha 1990 1 oo limited o pert generalizations con
cerning Lueraling eftects in the present cises Even
lateraliy: effects in righthanders were knowno AN S
mised  handedness would preclude o straighdorsard
conclusion. Faadhy, there are the uncertainues surround-
ing the interspecies comparisons entertained  above,
which are especiadly troublesome in view of the uniquely
strong Lucrahization of auditorv-verbal functions in o,
The most parsimonious interpretation of the present data
i~ that ¢ 1y the pereeption of onal consonanee is chran:
icAlly impaired tollowing complete: bilaeral Tesions ot
primary auditorny cortex combined with partial bilaeral
lesions of auditon associauon cortex: and 20 musiaal
priming doces not rely on the integrity of primarny auditory
COTTeN,

Neural Networks in Music

On the basis of the avtoarchitectonie and connectional
organizaton of the superior emporal regron i the rhes
sus monhkev, Galiaburda and Pandva 11983 have pro-
posed thae the auditony cortex comprises three parallel
processing stredams, the oot core. and “helt Tines,
which are orented rostrocaudally alemy the circular sul
cus (Fige T Within cach line. avtoarchiectonic ditfer
cntiation progresses Candabhy e asrepaise fashuon across
four stages  Each stage s richlv and reaprocadlv con
nected o adjcent stages whim cach line and o s
corresponding stiges across hines Pandvaand colleagues
have Inpothesized that the exstence of muluple stages
ob anditory representation stemties tuerarchieal fevels o
intormanon processimg. such thar the voseral o ot con
nestons tront cortical Lo B o faver IV mcdiates the
siccessive chibaragion o thalimue mput and the candal
s of connections trone lavers v and Vo Liver
medutes the mtegranon of b mtlanences on peroep
noir COnthadyrcbe and Pandea Toss Pandva and Yarenan
(R A ENIITTTINE
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suggests. b ihree streams were disrupted bikeratly in
M Dy destons withny the koniocortex and adjaeent s-
sochton dareds: stages Wing ar the rostral and caudal
estents ob cach strean. which have teatares ot isocortex
and proisocortes and mreract with paralimbic and het-
cromadal ssociation arcas, were spared o vanving Je-
rees moeach hemisphere,

The Tnerarchucal organizaton of aaditory information
Pres cssiig. s i pertains to harmony perception in mue-
sic has also been modeled s aparallel distributed sy
rem on computationdl grounds cBharacha 1987 Fig, 8.

Three stages of processing are identitied: the tone level,
whose units abstract octave-cquivalent pitch intormation:
the chord Tevel, whose units abstract more complex har-
monic teatures: and the kev level whose units abstract
even more complex harmonic teatures. The connectivity
patterns between different stages of processing can be
fearned by extensive exposure o music on the basis of
a number of available neuaral net learning algorithms,
including competitive learning (Rumelhart and  Zipser
19801, Once learned. the network embodies hierarchical
teature refadonships thae can achieve (1) botom-up e
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vt ol representanions of comples teatires sud s
renie s hremas hordsand kevs torom thie sounded rones,
o Do dosn acinoanon ot representiations o hords
Al e Chirorna fromy the acivared hevs andl conse
ettt the obsenved aalanon o chord imtonauon
prdumenis Tnothe conest of Galabuarda and Pandvas
coiotnead modet of dadiory corress and meview ot thie
prescit tondings the nenral sabsirate tor top down mtla
croes o mustedd primmnge may be diseribuated wihan the
rostral and o candal reaches of auditorny associaton cor
ren Gven s Tocahizanon. and given thar cogiine rep
rescritattons of tonal icrarches i music e presumabhy
fearned s poteworthy that requenay speaihic response
plastian dunng assoaame learmg s common prop
oriv ol neurons in the audnorn assoctation cortes of the
cat i Damond and Woemberger 1986 Weinberger nd
Pramond Tossycedls within borl the primarny and see
codary nekds maitest frequenay speattie response plas
naty and they comprise agreater proportion of the
samnpled popuilaton iy the later than me the tormer,
Fhe evistence of corneal teature detectors that are
selecmety responstee o nsteal sounds cRasukd et ol
Foc2 i and o the harmonie caompositon of sounds (Win
rer and Funkensicin 19735 huas been previoush hvpoth.
esized o the basis of nearonal responses o complex
spectrtm mionheys Response selectivity o acoustic trane
stents e human speech sounds, mchudimg, tundamental
trequenay, has been reported esteinschneider el
fus2r Neurons mothe secondany tields appear o be
shiehulv more selective tor complex teatures than those
m the printry held but a considerable degree of varia
Diliiy i hoth response selectivin and response patterns
fus been observed ar the smale cel level Ovanlev and
Mucter Preuss 1o7=0Newnin and Woltberg 1974 Unn
responses to simudianeons pure tones cannot be pre
drorcd weh cortinn even ons the basis o that unic's
responses oo cach pare tone element chasuki ot al
foc2y His varnabahiy bas Ted Manley and Mucller-Preass
Tt postulate the existence of “detection netsworks”
whose unts respond e a probabihsie rather than de
rernuntc Lisbnon and collectvely contmbute to pereept
formaiion based on the conglomerate pattern of unit
disctiraes
Flaa comtestual mtlucences on chord antonation judg
vicnts tenuned operamve i AUS even thaough the cont

ol ssoctaton areas may hoave boeon deatterented trom

fochs wined notopscath oraameed trequenay mtor
pateon tarses the possib s thar hroaddy tuned subeom
e the thatmoe anteal aodinorny sostem medrate

IRTE RV NI EN
{ ! {8l

coutiine perspeciive. broad

Al bron

Carr ot conac b e kot e tanme o an anbuace

o el scired s st than abstac s constbancres

don the spectral teanres of diterent aeonste sigenls

e 1 e

sodbitterencos e clemientan o oust
Concter st e s T T OO .l| Prreessmigl
ol ey Converothie ol seryedd tcractiom
NI R (S NENIRES

A TR R Rt oo ey g PR At

O events ool prmnng. itos mterestmg that the
responses of hroadly ned corncal auditorns nearans o
danen requency are often amtluenced by the samuduos
relationship o prior frequenay oM cokenna et al o Tosg,
Whithield and Bvans 10550

O course. those paradlels between anatonneal, phvsy
ologteal.and computanonal models of tonal mtormaton
Processing must rentin conectural o annopanon of
turther empircal astification.

METHODS
Neurological History and Examination

The details of the neurological history huve been preve
oushy published by Mendes and Geehan 19880 Bricthy,
NS is 30 vear-old man who m Fos0 and 1981 sutfered
focal infaraes in the distribution of the vight and et
middie cerebral arteries. respectively, presumublv se
ondary o cardiogenic emboli Flis tiest stroke presented
with lett hemiparesis and his second wath transient deat
ness and persistent deticits nnalvimg both specch and
covironmental sound perception

AUthe tme of the present observadons, M reported
a pervasive sese that “evervihing doesn’e sound clear
He had greas dithiculy with iigare-ground separation for
example. he steed he had roable understndimg specch
when more than one person was talking, and when he
rode in his car with the windos down he had o greany
increise the foudness of his radio i order o apprehend
the music being plaved Ths wite, a0 speech therpist,
noted that in the tace oF competng sounds his speedh
comprehension was aided by tacmg hom wowd by tadking
somewha slowhy

Ms admost exclusively listened o masie sold betore
his strokes: He demed that music untamidoe o lim had
Anunpleasant. dvsacusics or dissonant qualay He had
dithculy understndimg the lerics of new songs, but he
remembered the vries cand muasior of tamihar old
vorites well enoughy to recogimze them when he heard
them on the radio: Although he spent tesser hours per
v istening to music than betore hus sirokes, he an
buted this 1o change in Iife snvle rather than o fessened
Appreciation of music He demed ongomg ditfiouln reg
ountzing environmental soundssand remarked that he
swasable to difterentate forcizn car hors from smerncan
ones by ther tonal quabin

The neurological examinanon was remarkable tor ds
prosodic specechaspastic letr hemparesiseand et hem
sensory doss 1o all tcade modalimes M was alen
Attentve. and highlv motvared o poertorne well on adl
tashs s specch was tluent and well arnculated and e
tolowed spoken commuands quickhe and accaraeely Te
distrihured spanal atenton normalls He was ambalanon
witha cane and mdeperident i miost aonvties o darh
Phe B

Pareh Toventons cOReld Tt ndh aied nved Ve o

Ie Moedhoations swere hinted 1o o

[rceni o o)




eiess wath nghie predonmmanee premorbidIs chaeralin
(RIS s Deale R2

M s premorbid Tevel o musicaliy corvesponds ap
prosmnael o Grisonrs 19720 thied devel of musical
cudtures which hes e the mnddle of her cdassitication
schieme AN ook cuar dessons for Eyear at age 150 he
wos nod tnnned g theory and had not plaed the gunae

L oseveral vears hetore bas st stroke o his weens and

carlo twenmes e was anaved Tistener of popular musics

Be accamulared a Lee record collecton and listened

attentnel o music several hours ada

Standard Audiometric and Psychometric
Tests
Drere Tonie senscttions Throsholdds

Vindromery was pertormed with the subyeat seated ina
soaticd treated roonm (I Acoustie stimulr were gener-
ated wng o Grason stadler 1o Diagnosue Audiometer
arad presented through TOH 19 carphones Detedtion
thresholds o a 300 msee pure tone .t 230 8000 Hy (Fig
2owere esiabbshed usmg the moditied Huaghson -West
Lihe procedare cCarhart and Jerger 1939,

S I e filien]

Fhe Northwestern Unnversiy List Number 6 cTillan and
Carluet Pooon was peesented monaneally 33 B alwae
neraze pure tone threshold A response aecaracy ot 9oz,
arbinterear ditterences of 1270 he withim the 93 con
facnce mtersal in normads CThornton and Rattlin 1978
M repeated 1A words sccuratel et car rals and

2850 neh car trnals

[svcheanetirie Tosts

Fhe Bosion Dugdiiost
Kaplan
FossacPrertormance Subtest of the Re
sisen S echnder Ndult nrelhaence Scale i\echsler oS,

A Dhie Revsod Wechsler Momorne scade owechislor 1us™h

Aphusie Pxamination cBOAE,

Cooaodduelass and Fossv Boston Naming, Test

Croodaliss ¢l

were ednimstered s standard Lo i acoiet room

Prsee she presenanion of the audion verbal subrests

b BDAL b exammner Took Care oo tace vy trom
e et e speak ar g customany rare and Toadioess

Portorite coonhe BOAab showed normal single ward
coeeno e s e Phoawever S made thiree
ot oo s canthe senience repention subtest the
St e e el B e present enperimen

e e sand Fhe bar leaps s o The v
! o b o bel o oe cmerald o The
Corore e et g s croerald ek Thiey heand oo
v b ol e They Bieand B speals onihie
T Tt sl s vrrest s e the st tao
) o e e treqacett i the Jesicon nbrnons
ol b Seresttes Tt NES W s i e
cetpe cerececnn o o0 spe U seands v o e
T IR T A R I T 11 R VI T N UINES I A

graded” signal man agempt o enhance his imposerished
consanant -vowel phoneme discrimination. Consistent
with this interpretton is the observation that he subst-
wted Tleaps” tor Tleaks ™ 1o tollow hus error That” pre
sunuibly 1o resolve the impending semantic incongruity.
vet failed 1o correct the open-class substitution error
“lromy” which did noalter the meaning of the sentence

Pertormance on the Boston Naming Test was within
nornal hmits €39 o6 carrect), the Pertormance 10 wus
95, and the Memon Quotient was 91 On the WAMS. he
scored below the St percentile on the logical memon
subtests and below the 25t pereentile on the visual
reproduction subtests, of course. pertfornance on the
former could have been aftected by impaired speech
discrimination

Musical Priming Task
Stinndi and Apparatis

The stimuli used i the present experiment have been
previoush described by Bharucha and Stoeckig ( 1987
To sumnmuarize. chord spectra were svinthesized using an
Apple Macintosh microcomputer. Each prime chord and
“in-tune” target chord is aemajor riad composed of the
tonic £ mediant €2°7 % £ and dominant (27 x £
across the equal-tempered scale. "Out-of-tune” targets
are major triads thae are mistuned by tlauening the fitth
degree by afraction of a semstone G fregueney factor of
27 Chord components were sampled from a tive oc-
Gve range (0S 4l-4180.2 Hzo Ay = 440 1) with an am-
phitude envelope i the frequeney domain, such that the
fowest and highest frequency components tpered oft o
the threshold of hearing as deternuned by the Fletcher
and Munsen (1933) isoloudness carves: This procedure
minmmizes the salience of the Towest and highest spectral
components eShepard 190 Krumbansh etal 1982b) The
wanetorm ol each ot the 1S component tones contained
the fiest tour harmonies with equal amphudes.

The degree of association tharmonic relatedness) be-
tween the prime chord and target chord was varied in
accordance with provious experimental analvses of har-
monte relatedness judgments in normal subjects (Bhae-
ucha and Krumbansl 19830 Krumbunst et al 198200,
which corroborate theoretival accounts of - harmonic
structure m Western niusie Hor review see Piston 1978)
Relaed pars ceg A7 and G777 shuared parent kevs, but
they did nov share component ones . Pronies were 3
seconds s duranon and targets were 1 seconds i du-
ration

M pertormed one block of 96 mals Tral presenta
tons were mternad v randonuzed by the compuater Briel
pauses Listimg up oo b mm o were mterspersed approa
mateh every 12 trals Fach ot the 12 muagor Chords o
curred tom nmes s prime The prime was tolfowed
cqudllv Tn cac ot the tollowimy trget conditions 1
e rebated e 2 vm tme unrelaed o3 aat of tane e
Laed oo v e anrelaned

)
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stimule were presented e free treld macquict room

ustng a4 Macmtosho I and o sansur 70T amphitter and
spedker susteme Stmuduos frequendies Ly withim the high
cnd ot the pure tone trequencies ased oomeasure sen
satiom Tevels and stmalus mtensme was adjusted 1o oo

o5 dB using o Quest sound level meter Response aceu
racy and reacnion tme measarements were mternally

svinchronzed warhy chord tirget onsers

Procedioe

A traning sesston was conducted durmg which teedback
was gnen atter cach practice b The amount ot nus-
taning was ncreased by trequenay factor of 207 anil
MS O Was tooget e conseautive tridds correct, but o
became apparent that he had dithiculn wich i une”
Lrgets. even L Lictor of 207 e masxinmual level o
devianon from the equalle empered seales We then
tested T wath sigle chords thae s targets withowt
promes. but he sull did not reach areerion In collecting
e tor statsteal analvsiss we deaded o mistune the
outob tne tirgets by o factor of 2077 the masimal level
ol nustuning

NS s nstracted o press one of two horizontally
adiacent kevs on the computer kevbhoard that were la
befed  INT and OUT
was his preterred huand tor fine motor control premaor

He used his right hand, which

brdlv Poswer rapid alternating movements, and propri-
oveption at the tingers were normale and there was no
cvidence of response dismbibiion on tormal go no-
dotesting

To begin cach tral, the exanuner pressed the space
Bar on the computer kevboard The trad began swath a2
s maash consistig of 1o tones ot random: pitch, fol-
foaved by a1 sec patise. then the prime chord, then the
target the 1

Froor cates were analy zed asimg an analvses of varianee

warth rephcations as the random tactor

Spectral Intonation Judgments in the
Absence of a Prime

The st apparatas. and procedure were the same as
described i the prmnmg tske except that the mask sas
tolloswed by aosimade chord, that iss anoam tane or outaot
tne neor treed trget wathont o prime MS heard cach

rarger toeeand pertarmed one block of sorals

Brainprints

MR o wore obtaned st o oSsiemens o Ffesba Mo

vetom MBS e oty teo contignons TEwewhaed co

)

totl sconons were obtamed mothe coronad plane CER

TEINTTNT I | misee shee thickness Axomm

) '

a0 acpnanonsom plne resolution 120 12

moncr I addinon, two sers of 200 12 wehired mages

woere obtaned TR 2800 misec TE P O mse see

s CU i dap ES mm, e qursinons !

m-plane resolution 12212 mon

T2 weightmes are
routinely more sensiove than T tor mbarc magine. and
the TRTE 2300 45 weightng swas particularls helptul ton
discrmumating intarcted tssue trom cerebrospiual thud
wihitm e v uo dange Vd sagial scotts were b
thned at the outset 1o alien and noek thie planes o
section onan mreraalzed gred and roder et e mcasare
the antertor posterior distine benween the fronal
ocapitad poles

Mhe computer reconstruction mcthod wsed o thar nap
cach hiennsphere was ongmallv detnled by foaandet
Al c1ox9r and will be only brieth desaribed here, adong
with nimor moditicauons adopted tor pathoanatonieal
andlvsis. Copies of cach T weighted image were placed
in . Beseler 2300 photographic enlarger and projected
onto papers the pial surface of cach henisphere and the
horders of the Tesion bt appeared on that shoerwere
traced T2 werghted mages were projected ontenthe clos
esteorresponding T werghied traangs, trom which thaey
were 1720 mmoaways o turther estmiate the pial mar
2ins of necrotic tissue and the borders ot abnormal siznad
not apparent on the Thwerghted mmuages Reterence
points demarcating individuadd gy mtrasualeal ss saper
hoial cortexs surtace structures himg wathim areas ot ab
norl MR signal, and surface stractares onerlving arcas
of abnormal signal m subjacent white matter were num
bered sequentiadly tromy dorsomedidl o ventromedaal
The cortical convolunons on cach secton were labeled
in accordance with the coronal atases of Matsin and
Hirano (1978 and Krieg civo3s The mracmg was then
entered into the computer vie 4 Karta IS One dhaid
araphics tblet for straightening, alignment. connedtion,
scaling, and supplemental graphies The surface aeas o
indvidual regions of interest were medasarad using g
dhgitalized planimeter. Hemispherio volamies were mca
sured by racing the surtace of cach hemisphere an cach
slice using the planimeter. then tracing the ventricles
twhen necessarvy, subtracung the venucalay surtace
Arest from totad hemisphere surface aredsand muluplvng
by shice thickness
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APPENDIX
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New Statistical Methods for Evaluating

Effects of Redundant Signals on Response Times

Georgie Nozawa

Department of Psychology

Dartmouth College




This paper presents statstical methods which can be used to examine two types of
inequalities obtained in paradigms using redundant targets. These methods have been developed
to analyze the latency data obtained in our investigation of multimodal control of orienting. In the
redundant target paradigm (see for example, Egeth, Jonides, & Wall, 1972), a certain number of
icentcal targets are presented simultaneously to the subject. The subject's task is to detect,
recognize, or identify the target. In general as the number of redundant targets increases, error
rztes and detection latencies decrease monotonically (Grice, Canham, & Boroughs, 1984; Miller,
1982, 1986:Nickerson, 1973; Raab, 1962; Ulrich & Giray, 1986; Shaw, 1982; Mulligan &
Shaw, 1980; Townsend & Ashby, 1983).

The models which successfully account for the performance in the redundant target paradigm
can be classified as parallel processing models and include probability summation or horse race
models and neural summation models. The probability summation mnde! piocesses the input
inzormation from different channels at the same time. The processing is terminated whenever a
tzrget has been encountered. If there are two targets to be processed, the processor will end the
execution when the first target is processed. Therefore, reaction times of two targets condition is
expected to be faster than reaction times to each individual trrget. The neural summation model
wiich we examine here entertain another possibility. It assumes that each processing channel
has an independent neural counting process. When two channels are activated at the same time,
the activities of the two counting processes are summed. This summation process produces an
increase in neural counting activity which leads to a decrease in times to reach a response
caterion. Nozawa (1988) proved mathematically that the neural summation model is in fact
faster than the horse race model or the unlimited capacity independent parallel model .

Two inequalities can be used to distinguish between horse race and neural summation models
(Ulrich & Giray, 1986;Nozawa, 1988). One of these was introduced by Miller(1982) and is
refered to as Miller's inequality. The second inequality is introduced in the present paper, and
shall be refered to as the Survivor measure or S-measure.

Miller's inequality (Miller, 1982) can be expressed as follows:

PRT<t1S; and $5) < PRT<t 1) + PRT<t1Sy), )

The term, P(RT<tiS, .nd S2) represents the cumulative distribution function cf the redundant target
condition. The other terms represent the cumulative distribution functions of single target
conditions. The inequality above comes from the fact that the cumulative distribution of the
redundant target condition can be expressed as the sum of two cumulative distribution functions
from single target conditions minus the joint cumulative distribution function of single target
conditions.

PRT<IS; and Sp) = P(RT<t 1S)) + P(RT<tIS;) - P{(RT<t1S,) and (RT<11S,)]. 2




2

The relationship between the lefthand side and the righthand side of the identity (2) leads us to
the inequality used in the S-measure, which comes from the equivalent identity in terms of
survivor functions. The S-measure is defined as follows:

S-measure = PRT>IS, and S2) - P(RTSt1S) x P(RT>t1S2), 3)

Ulrich and Giray (1986) showed that performance of the independent probability summation
model must fit into the interval between P(RT<t:S)) + PRT<t1S;) - PART<t1S,) and (RT<t1S2)] and
ax(PXRT<tiS).P(RT<t'S»). In terms of survivor functions the above interval can be translated into
the interval between PRT>t!S)) x PRT>t1S;) and min(PRT>t!S1). P(RT>t1Sy)).

As shown by Ulrich and Giray (1986) the cumulative function of any redundant target
cordition must fall between the region surrounded by two boundaries: the uprer bound is the
sum of the two cumulative distribution functions from single target conditions and the lower
bcund is the maximum of the two single coadition's cumulative distributions (see Fig 1). Notice
thar in terms of the distribution functons, the faster the mean reaction time the greater the
cumulative distribution function. So the upper bound shows us the case in which the speed of
the probability summaton model is maximized. On the other hand the lower bound shows us the
case in which the speed of the probability summation model is the slowest possible. Increase or
decrease of reaction times inside the boundaries can be explained by stochastic dependence
berween the processing channels as was put forth by Ulrich and Giray (1986) and Colonius
(1986). However, any point beyond this rcgion cannot be explained by any type of probability
summation model that assumes stochastic dependence.

In order to reject the probability summation model and support a neural summation model, it
is necessary to violate identity (2) and inequality (1): the identity (2) being a weaker test for the
neural summation model and the inequality (1) being the strongest test. In terms of statistical
hypotheses, inequality (1) and identity (2) can be expressed as follows.

Identty (2) is exressed in terms of survivor function and written

HO:P(RTA $S1and S2) - PRT>t1S,) x PRT>t!S3) > O

and

H,:PRT>5, and$y) - PRT>11S) x PRT>IS) < 0.

Inequality (1) is translated into statistical hypotheses as
HO:P(RTSl IS;and S;) - PRT<t1S)) + PRT<tIS) < 0

and




HI;P(RTSt 1S, and $y) - PRT<tiS,) + PRT<1S)) > 0.
It is possible to calculate the alpha level for the above statistical hypotheses at any point of
time. It is also possible to summarize multiple comparisons by a multiple comparison alpha. By

calculating the alpha level we can distinguish the various degrees of neural summation for any
experimental conditions.

Application to Multimodal Experiments
In the present investigation, we are interested in comparing the degrees of neural summation

in various response modes: saccadic responses, directed manual response and simple manual
reaction tmes. These following statistical hypotheses are to be tested.

HO:SSQC(O - Sjoy(t) >0

and

HIZSSaC([) - SJOy(t) <0

Hy:Sg,c(D) - Sy 20
and

HIISSaC(K) - SBut(t) <0

Hy:Sjoy(t) - Sgy(t) 2 0
and

lesjoy(z) - Sy <0




HiMg,c(0 - Moy 20
arad

H. 2g,c(0) - Moy (0 <0

B, 24500 (0) - My (0 20

E.24g,.() - Mg <0

H:_Zl‘\/.fjoy(t) - Fleut([) >0
ard

H;Mjoy(‘) - Mp (0 <0,

waere S (t) represents S-measure at time=t and M.(t) represents the values derived from Miller's

inequality at time=t. The subscripts represent various types of response modes: "Sac” represents
seccade, "Joy" represents joystick, and "But” represents button press.

Now let us consider the statistical nature of the identity (2) and the inequality (1). Nozawa
(1988) considered a point on a survivor functions as a realization of a binomial random variable
azd used this idea to test the superadditivity of the redundant target condition at the level of the
suvivor functions. The same approach can be applied to the above problem: that is, binomial
raadom variables can be used to represent the cumulative distribution functions. Any number of
events in a bin of a cumulative distribution function can be considered as a particular realization
of a binomial random variable: Bin(n,p) =nCk x p* x(1-py™, where n is the total number of points
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in the sample, k is the number of events falling into the particular bin, and p is the value in the
cumnulative distribution function. Note that we can also represent a survivor function by a
parameter p. In order to create the stadstical distribution for Miller's inequality it is necessary to
sum the two binomial random variables. The sum of the two single target condition’s cumulative
disaibution functions are considered as a convolution of two binomial random variables:

ki~fi, (k1) = (Ql)x pit x (1-p)™, ko ~fi,(ka) = (Ez)x P2 x (1- p)™?,

ki
ard k kg~ g * figba= Y o k) xfi k)
k=0

Nt
:z <:1lkL) X(E_) PV x paax (1- py)™ 2 x (1 po)™2

=)

In the case of S-measure the multiplication of two single target condition’s survivor functions
are considered as the multiplication of two binomial random variables.

k ks
oo kl oo kl
fks(k3) = 2 2 fkl(kl)x sz(k.‘.) = Z 2 (E:) x (ED plh szrlx (1_ pl)n1~k1 X (1_ pz)"’t'ﬂ’
ki=0 k=0 k=0 k:=0

where k3 =k x k.

In summary new methods to test inequalities used to distinguish probability summation and
neural summation models in the redundant target paradigm were developed by treating survivor
functions and cumulative distribution functions as binomial random variables.




DNlustration of the regions pertaining to horse race versus neural summation models
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